Neuronal nitric oxide synthase (nNOS) represents an important therapeutic target for the prevention of brain injury and the treatment of various neurodegenerative disorders. A series of trans-substituted amino pyrrolidinomethyl 2-aminopyridine derivatives (8-34) was designed and synthesized. A structure-activity relationship analysis led to the discovery of low nanomolar nNOS inhibitors ((()-32 and (()-34) with more than 1000-fold selectivity for nNOS over eNOS. Four enantiomerically pure isomers of 3 0 -[2 00 -(3 000 -fluorophenethylamino)ethoxy]pyrrolidin-4 0 -yl}methyl}-4-methylpyridin-2-amine (4) also were synthesized. It was found that (3 0 R,4 0 R)-4 can induce enzyme elasticity to generate a new "hot spot" for ligand binding. The inhibitor adopts a unique binding mode, the same as that observed for (3 Soc. 2010, 132 (15), 5437-5442). On the basis of structure-activity relationships of 8-34 and different binding conformations of the cis and trans isomers of 3 and 4, critical structural requirements of the NOS active site for ligand binding are revealed.
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Introduction
Nitric oxide (NO), 1 an essential signaling molecule, is produced by a family of enzymes called nitric oxide synthase (NOS a , EC 1.14.13.39). 2 There are three known NOS isozyme forms, two constitutive forms and one inducible form. Neuronal NOS (nNOS), predominantly expressed in neurons, produces NO for neurotransmission, endothelial NOS (eNOS), produces NO for the regulation of blood pressure and flow, and inducible NOS (iNOS) is induced by cytokines and pathogens to produce NO to combat infection and microorganisms. Each isozyme of NOS catalyzes the conversion of L-arginine to NO and L-citrulline. 3 All three enzymes share similar domain architecture and are active as homodimers. 4 Each monomer has a N-terminal domain consisting of the catalytic heme active site and a (6R)-5,6,7,8-tetrahydro-L-biopterin (H 4 B) binding site and a C-terminal domain containing FMN, FAD, and NADPH binding sites, which serves as an electron donating domain. The linker between the two functional domains is a calmodulin binding motif. The binding of calmodulin enables electron flow from the flavins to heme.
To exert appropriate physiological functions, NO generation by the three different NOS isoforms is under tight regulation. 5, 6 The overproduction of NO by nNOS has been implicated in various neurodegenerative diseases, 7 including Alzheimer's disease, Parkinson's disease, and Huntington's disease as well as neuronal damage resulting from stroke, 8 cerebral palsy, 9 and migraine headaches. 10 Inhibition of nNOS could have therapeutic benefit in these diseases. However, this inhibition must be achieved without effect on the other NOS isoforms.
11 Inhibition of eNOS could cause hypertension, atherosclerosis, arterial thrombosis, and angina. 12 Macrophage NOS (iNOS) is an enzyme responsible for the generation of cytotoxic NO, playing an important role in the immune system. 13 Additionally, the inhibition of iNOS might result in a higher probability of Alzheimer's disease.
14 Therefore, isoform-selective inhibitors are essential if nNOS is to be a viable therapeutic target. 15, 16 Herein lies the challenge because the crystal structures of the catalytic domains of all three NOS isoforms show that the active sites are nearly identical, making structure-based design of isoform-selective inhibitors a difficult and challenging problem. 17 Previous structure-activity relationship studies in our laboratories on a series of N ω -nitroarginine containing dipeptide inhibitors have enabled us to identify a family of compounds that has high potency and selectivity for inhibition of *To whom correspondence should be addressed. For T.L.P.: phone, (949) 824-7020; fax, (949) 824-3280; E-mail, poulos@uci.edu. For R.B. S.: phone, (847) 491-5653; fax, (847) 491-7713; E-mail, Agman@chem. northwestern.edu.
a Abbreviations: NOS, nitric oxide synthase; nNOS, neuronal nitric oxide synthase; eNOS, endothelial nitric oxide synthase; iNOS, inducible nitric oxide synthase; H 4 B, (6R)-5,6,7,8-tetrahydro-L-biopterin. FMN, flavin mononucleotide; FAD, flavin adenine dinucleotide; NADPH, reduced nicotinamide adenine dinucleotide phosphate; CaM, calmodulin; CPCA, consensus principle component analysis; PSA, polar surface area; L-NNA, L-N ω -nitroarginine; Ph 3 P, triphenylphospine; DIAD, diisopropyl azodicarboxylate; DPPA, diphenylphosphoryl azide.
nNOS over eNOS and iNOS. 18, 19 The selectivity of the dipeptide/peptidomimetic inhibitors for nNOS over eNOS and/or iNOS was investigated by crystallographic analysis 20 and computer modeling (GRID/CPCA). 21 Recently, we established a new fragment-based de novo design strategy called fragment hopping. 22 Using this novel approach, together with what we learned from the dipeptide inhibitors, lead compound 1 (Table 1 ) with a pyrrolidinomethyl aminopyridine scaffold was designed and synthesized, which shows nanomolar nNOS inhibitory potency and more than 1000-fold nNOS selectivity over eNOS. 22 Lead compound 1 was evolved into highly potent and selective inhibitors 2, 3, and 4. 23, 24 Compounds 2 and 3 were tested on a rabbit model for cerebral palsy and found to prevent hypoxia-ischemia induced death and to reduce the number of newborn kits exhibiting cerebral palsy phenotype without affecting eNOS-regulated blood pressure. 25 In our previous study, although we found that the trans amine analogue (5) is a less potent and selective inhibitor for nNOS compared to 1, 22 this structure still represents a new scaffold for inhibitor optimization. Two chiral centers (3 0 and 4 0 carbons) exist in the structure of 3, although our initial studies were carried out with the racemic mixtures. Recognizing the importance of chirality in molecular recognition and inhibitor binding, we synthesized four enantiomerically pure isomers of 3 in a previous study. 26 The in vitro enzyme assay showed dramatic and exciting results. (3 0 R,4 0 R)-3 is a more potent and selective inhibitor of nNOS over the other two NOS isozymes than (3 0 S,4 0 S)-3 ( Table 3 ). The K i value for (3 0 R,4 0 R)-3 is 5 nM, and the selectivities for nNOS over eNOS and iNOS are more than 3800-fold and 700-fold, respectively. This compound is, to the best of our knowledge, the most potent and dual-selective nNOS inhibitor reported to date. 26 Using a combination of crystallography, computation, and site-directed mutagenesis studies, it was found that nNOS undergoes an unanticipated structural change to accommodate the 2-amino-4-methylpyridine moiety of (3 0 R,4 0 R)-3. A new "hot spot" was generated because of enzyme elasticity. The binding conformation of (3 0 R,4 0 R)-3 in the crystal structure of nNOS is 180°flipped over compared to that of (3 0 S,4 0 S)-3. We, therefore, synthesized the four enantiomerically pure isomers of 4 (Table 1) , another very potent and highly selective inhibitor of nNOS with better drug-like properties, and determined their inhibitory potencies and isozyme selectivities. Here we describe the interactions of these enantiomers and of a series of compounds related to 3 and 4 with nNOS and eNOS, which reveal important structural requirements for induction of enzyme elasticity and generation of a new binding site.
Results and Discussion
Inhibitor Design. In our previous studies, starting with the nitroarginine-containing dipeptide inhibitors, fragment hopping was used to determine the minimal pharmacophoric elements for inhibitor potency and NOS isozyme selectivities. 22 A series of nonpeptide cis-substituted amino pyrrolidinomethyl 2-aminopyridine derivatives was designed and synthesized to match the requirements of the minimal pharmacophoric elements (Figure 1 ). The crystal structures of nNOS in complex with 1 and 2 ( Figure 2) show that the binding of the inhibitors exactly mimic the binding mode of the dipeptide nNOS inhibitors. 27 As shown in Figure 1 , two structural water molecules bridge the hydrogen bonding interactions of the pyrrolidino nitrogen atom and the side chain carboxylic acid group of Asp597. Therefore, there is some space between this nitrogen atom and the Asp597 carboxylate. Compounds 8-11 ( Figure 3A ) were designed to explore the space in this area and to determine whether or not the nNOS inhibitory potency and selectivities can be increased if a positively charged amino group of the inhibitor is placed closer to the side chain carboxylic acid group of Asp597.
Trans amine 5 represents a new lead compound for optimization. In previous studies, 23 it was found that there is more space at position 4 of the 2-aminopyridine ring that would favor hydrophobic and steric interactions (S pocket), 23, 28 and there is another hydrophobic cavity in the C1 pocket, as shown in Figure 4 . 23 Structural optimization of 5 is based on these hydrophobic pockets. One series of trans molecules, 13 through 20 in Figure 3B , were designed to introduce various conformational constraints to the ethylenediamine side chain to minimize the entropic penalty associated with flexibility of this side chain and also to extend the tail into the C1 pocket with a benzyl group. In the other series of trans molecules, 21 through 34 in Figure 3B , a methyl group was introduced at position 4 of the 2-aminopyridine ring to occupy the hydrophobic region in the S pocket, and the hydrophobic benzyl group or phenethyl group was extended from the terminal amino group of 5 to occupy the C1 pocket (Figure 4) .
It was found in our previous study that the racemic mixture of the ether derivative (4) exhibits comparable nNOS inhibitory potency and selectivity over eNOS compared to 3. 24 The difference between 4 and 3 is that compound 4 uses a hydrogen-bonding acceptor group (ether) and 3 uses a hydrogen-bonding donor group (secondary amine). Therefore, 4 exhibits better drug-like properties and improved bioavailability. 24 Enzyme assays in the presence of the four enantiopure isomers of 3 revealed that (3 0 R,4 0 R)-3 exhibits better nNOS inhibitory potency and selectivity over the other two NOS isozymes than (3 0 S,4 0 S)-3. Crystallographic analysis shows that (3 0 R,4 0 R)-3 induces enzyme elasticity, and a new "hot spot" is generated to accommodate the 2-amino-4-methylpyridine moiety of (3 0 R,4 0 R)-3. 26 Therefore, the four enantiomers of 4 were synthesized to determine whether or not (3 0 R,4 0 R)-4 can similarly induce enzyme elasticity to generate a new ligand binding pocket for better nNOS inhibitory potency and selectivity over the other two NOSs. In the inhibitor design cycles, AutoDock 3.0.5 was routinely used to dock most of the inhibitors in the active site before the synthesis was carried out. 29 Chemistry. Scheme 1 shows the synthetic route for target compounds 8-11. The synthesis of 37 was described in an earlier paper. 22 Deprotection of the benzyl group by catalytic hydrogenation and then alkylation with N-Boc-2-bromoethylamine generated 39. Swern oxidation of 39 generates ketone intermediate 40 in high yields. The direct reductive amination of 40 with different amines generated the cis (41) and trans (42) amines. These two regioisomers can be completely separated by silica gel column chromatography; deprotection of the Boc groups generates the final products.
Characterization of the cis and trans isomers was studied in detail by NMR spectrometry, including 1 H NMR, 13 C NMR, 13 C NMR-DEPT, 1 H-1 H COSY, 1 H-13 C HMQC, and 1 H-1 H NOESY spectrometry, as described in a previous paper. 22 It was found that one prominent difference between the final products of the cis and trans isomers is that the 13 C chemical shifts of the carbon atom attached to the . 27 Under physiological conditions, the nitrogen atoms of the pyridine ring, the pyrrolidine ring, and the terminal amino group of the ethylenediamine side chain in NOS are protonated, but the nitrogen atom attached to the pyrrolidine ring is in the neutral form. Figure 2 . Crystallographic binding conformations of 1 (A) and 2 (B) complexed with nNOS (PDB: 3B3N and 3B3O). 27 The heme (orange), H 4 B (purple), and structural water molecules (green) involved in the binding of 1 and 2 to nNOS are shown. The active site residues and ligands are represented in an atom-type style (carbons in gray, nitrogens in blue, oxygens in red, and sulfur in yellow). The distances of some important H-bonds between the residues, structural water molecules, cofactors, and inhibitors are given in Å .
pyridine ring is about 29.5 ppm for the cis compound, but 34.1 ppm for the trans isomer. This difference was further used in the rapid structural characterization of compounds 1-34. Typically, all of the trans isomers show a lower R f value on TLC compared to the corresponding cis isomers.
The synthetic route for 12-20 is shown in Scheme 2. Deprotection of the Boc groups of 44 generated 12. The synthesis of intermediate 45 was described in earlier papers. 22, 23 To optimize the yield of the trans amine analogue, different conditions for the reductive amination reaction were tried. First, direct reductive amination reactions were tried. When 3Å molecular sieves were used as the desiccant, anhydrous MeOH was used as the solvent, one equivalent of acetic acid was used as the proton provider, and sodium cynoborohydride was used as the reducing agent, the yields of the amines were about 50-65%. The ratio of the cis to trans amines was about 45:55 for 46b-46d. As described in the previous study, 23 when the catalyst for the hydrogenation reaction was changed to platinum IV oxide, the ratio of the cis to trans isomers changed to 55:45. When sodium triacetoxyborohydride was used as the reducing agent, the ratio of the cis to trans isomers was 95:5. Indirect reductive amination reactions also were attempted. The ketone was refluxed with the amine in benzene, and water was removed with a Dean-Stark trap. The imine compound was produced, which was then reduced with sodium borohydride in MeOH. However, the yield of the total amine was much lower (about 10-20%). The ratio of cis to trans isomers was 1:2. When molecular sieves were used as the desiccant, the reaction mixture was stirred at room temperature then reduced with sodium borohydride in MeOH, the yield of the total amines was increased to 30%, and the ratio of the cis to trans isomers was 1:2. When molecular sieves were used as the desiccant, and the catalytic hydrogenation reaction using Pd/C as catalyst was conducted, the ratio of the cis to trans isomers was changed to 3:1. Consequently, direct reductive amination reactions using sodium cynoborohydride as the reducing agent were carried out for the rest of the compounds. The yields of the total amines still remained about 50-65%. The ratio of the cis to trans isomers was about 30:70 for 46a, 46g, and 46h. For compounds 46b-46f in Scheme 2A and 50 in Scheme 2B, the ratio of cis to trans isomers was about 45:55.
In the early stage of the synthesis of this series of inhibitors, we discovered that trans alcohols 44 or 48a could not be used in any S N 2 reaction directly. The only product generated was a new cis five-membered ring (a quarternary ammonium) that occurred by intramolecular attack of the nitrogen atom of the 2-aminopyridine on the carbon atom of the pyrrolidino ring to which the hydroxyl group was attached. So 44 or 48a was oxidized to a ketone, and then reductive amination was carried out to generate the trans amines, as shown in Schemes 1 and 2.
22,23 Later, we discovered that Mitsunobu reactions proceeded smoothly when the mono Boc protected 2-amino group of the 2-aminopyridine moiety of 44 was further protected with a benzyl group or an additional Boc group. 30 In this study, we continued to use a benzyl group as the protecting group to protect 48a, which allowed the S N 2 reaction to proceed, and to synthesize the trans isomers, as shown in Scheme 3. Mitsunobu reaction of 51 and the subsequent hydrolysis of the acetate afforded cis alcohol 53, which could be converted to trans azide 54 by the application of another Mitsunobu reaction. Hydrogenation of azide 54 using Pd(OH) 2 /C as catalyst generated amine 55, which could be converted to 56 by reductive amination. Compounds 23, 32, and 34 were resynthesized by this synthetic route.
The synthesis of the four enantiopure isomers of 4 is shown in Scheme 4. Different from the synthetic route reported in our previous study, 26 compound 51 was directly subjected to the Mitsunobu reaction to generate ester 57 using 1S-(-)-camphanic acid as a nucleophile (Scheme 4A). The synthesis from four optically pure alcohol isomers of 58 to four isomers of 4 is shown in Scheme 4B. The synthetic route is very similar to the synthesis of the racemic mixture of 4. Table 2 shows the results of the NOS enzyme inhibition assays. Trans amines 9 and 11 exhibited much better nNOS inhibitory potency and better nNOS selectivity over the other two NOS isozymes than the corresponding cis amine derivatives (8 and 10), respectively. This suggests that the aminoethyl group of the trans isomers is better accommodated than that of the cis isomers. Compared to the unsubstituted trans isomers, such as 6 and 7, compounds 9 and 11 exhibit 2-to 3-fold better inhibitory potency and 5-to 7-fold better selectivities for nNOS over eNOS. These are not very significant improvements. Considering that the primary amine was reported to have a much larger polar surface area (PSA) than the secondary amine, which would be unfavorable for biomembrane permeability, 31 the 2-aminoethyl side chain of 9 and 11 was not further pursued. Instead, other structural optimization of the inhibitors was based on the structure of 5.
Structural optimization of 5 leads to the generation of three interesting compounds: 23, 32, and 34. Compound 23 is the most potent nNOS inhibitor among the compounds with a benzyl moiety. Compound 34 is the most potent inhibitor among the compounds with a phenethyl moiety. The K i value for 34 with nNOS is 48 nM, and the selectivity for nNOS over eNOS and iNOS is more than 1000-fold and 500-fold, respectively. Introduction of conformational constraints, such as a ring or a methyl group, to the ethylenediamine side chain of 5 generates 17-20, 30, and 31. The enzyme assay shows that these structural modifications do not work well ( Table 2) .
The crystal structures of 23 complexed with nNOS and eNOS were reported previously (PDB: 3B3P and 3DQT). 27 The binding mode of the (3R,4S)-isomer of 23 with nNOS is very similar to that of 2, except for the nitrogen atom attached to the pyrrolidine ring ( Figures 2B and 5 ). In 2, this nitrogen atom makes a H-bond with heme propionate A, but the nitrogen atom in 23 points away from the propionate because of the trans configuration. Although 23 has a metachloro and 2 has a para-chloro substituent, both the metachlorobenzyl and para-chlorobenzyl groups point to the same surface hydrophobic pocket, and the active site is large enough to accommodate either of these. The location of the pyrrolidine ring of 23 is the same as that in 2. The ring nitrogen H-bonds to the side chain of Glu592 in both cases. Two structural waters were observed to bridge the H-bonding interactions between the side chain carboxylic acid group of Asp597 and the pyrrolidine nitrogen atom in both 2 and 23. Therefore, the principal difference between 2 and 23 derives from the chirality of the pyrrolidino ring. The trans configuration in 23 makes it impossible to have a H-bond between its nitrogen attached to the pyrrolidine and heme propionate A. In contrast, the additional H-bond in 2 gives the cis molecule its better inhibitory potency.
The crystallographic binding conformations of 2 and 23 in nNOS and eNOS are very similar, which is drastically different from the binding mode of the L-N ω -nitroargininecontaining dipeptide inhibitors we developed before. 19 The dipeptide inhibitors have multiple flexible bonds around the R-amino group of the L-N ω -nitroarginine moiety that generates nNOS selectivity over eNOS. Correspondingly, the binding conformation of L-N ω -nitroarginine-containing dipeptide inhibitors in nNOS is different from that in eNOS. The dipeptide inhibitor adopts a curled conformation in nNOS but an extended conformation in eNOS. 20 The introduction of the pyrrolidino ring in the pyrrolidinomethyl 2-aminopyridine derivatives (such as 2 and 23) potentially increases their nNOS selectivity over eNOS because this scaffold has a lower entropic penalty.
NOS Inhibition and Crystallographic Analysis of Four Enantiomers of 4. Identification of 32 and 34 as the most potent inhibitors among those compounds with a phenethyl moiety prompted us to synthesize and characterize the enantiopure compounds. The synthesis and enzyme assay results for the four enantiomers of 3 have been reported recently. 25 It was found that (3 0 R,4 0 R)-3 is a more potent inhibitor of nNOS and more selective over the other two NOS isozymes than (3 0 S,4 0 S)-3. The K i value for (3 0 R,4 0 R)-3 with nNOS is 5 nM. The nNOS selectivities over eNOS and iNOS are more than 3800-fold and 700-fold, respectively. trans-(3 0 R,4 0 S)-3 is also a very potent and selective nNOS inhibitor with a K i value of 19 nM, with selectivities over eNOS and iNOS of more than 3000-fold and 800-fold, respectively.
Similarly, enzyme assays show that (3 0 R,4 0 R)-4 is a more potent and selective inhibitor of nNOS than (3 0 S,4 0 S)-4 ( Table 2 ). The K i for nNOS is 7 nM, and the selectivities over eNOS and iNOS are more than 2600-fold and 800-fold, respectively. To the best of our knowledge, this compound and (3 0 R,4 0 R)-3 represent two of the most potent and selective nNOS inhibitors reported to date. trans-(3 0 R,4 0 S)-4 also is a potent and selective nNOS inhibitor with a K i value of 63 nM, with selectivities over eNOS and iNOS of over 500-fold and 300-fold, respectively (Table 3) .
Crystal structures of nNOS complexed with the four enantiopure isomers of 4 were determined. The binding conformation of (3 0 S,4 0 S)-4 in nNOS ( Figure 6A ) shows that the 2-amino-4-methylpyridine moiety interacts with active site Glu592. The pyrrolidine nitrogen is close to the selective residue (nNOS Asp597/eNOS Asn368). The nitrogen atom of the 3-fluorophenethylamino group forms one H-bond with heme propionate D, and the 3-fluorophenyl moiety is located in the surface hydrophobic pocket lined with Met336, Leu337, Tyr706, and Trp306 from the second monomer. This binding mode is termed the "normal" binding mode, which means it mimics the binding mode of the dipeptide inhibitors. (3 0 R,4 0 R)-4, however, adopts the 180°-flipped orientation and induces nNOS enzyme elasticity to generate a new "hot spot" to accommodate the 2-amino-4-methylpyridine ( Figure 6B ). For this to occur, the side chain of Tyr706 must swing away to make room for π-π stacking interactions with the 2-amino-4-methylpyridine ring. The 3-fluorophenyl group is, therefore, positioned over the heme while the 2-amino-4-methylpyridine ring extends out of the substrate binding site. The pyrrolidine nitrogen is placed in between the heme propionate A (2.9 Å ) and the carbonyl group of H 4 B (2.6 Å ). One structural water molecule bridges three H-bonds between heme propionate D, the oxygen atom attached to the pyrrolidine ring, and the nitrogen atom of the phenethylamine side chain. The binding mode of (3 0 R,4 0 R)-4 is identical with that of (3 0 R,4 0 R)-3, which has been termed the "flipped" binding mode.
Like the two trans isomers of 3, (3 0 R,4 0 S)-4 and (3 0 S,4 0 R)-4 only adopt the "normal" binding mode. The 2-aminopyridine moiety forms a bifurcated salt bridge with active site Glu592. The fluorophenyl group extends out of the substrate-catalytic site and is located in the surface hydrophobic pocket ( Figures 6C,D) . The pyrrolidine nitrogen atom of the (3 0 R,4 0 S)-isomer forms one H-bond with Glu592 and another H-bond with a structural water, which in turn binds to Asp597. The positively charged nitrogen atom in the pyrrolidine ring interacts favorably with the side chain carboxylic acid group of Asp597. In the case of (3 0 S,4 0 R)-4, although the binding of the 2-aminopyridine next to the Glu592 side chain is supported by good electron density, the density for the pyrrolidine ring of (3 0 S,4 0 R)-4 is not well-defined and the 3-fluorophenethylamino group is almost fully disordered ( Figure 6D ). The model that fits the density has the orientation of the pyrrolidine ring of (3 0 S,4 0 R)-4 opposite that of (3 0 R,4 0 S)-4. From the binding conformations of these two isomers, it can be concluded that (3 0 R,4 0 S)-4 can form better electrostatic interactions with active site residues than (3 0 S,4 0 R)-4, which rationalizes why (3 0 R,4 0 S)-4 exhibits better nNOS inhibitory potency and selectivity than (3 0 S,
The enzyme assays show that the trans isomers, (3 0 R,4 0 S)-3 and (3 0 R,4 0 S)-4, exhibit better nNOS inhibitory potency and selectivity than the cis isomers (3 0 S,4 0 S)-3 and (3 0 S,4 0 S)-4 (Table 3) , although all of these compounds adopt the "normal" binding mode. The superimposition of (3 0 R,4 0 S)-3 and (3 0 S,4 0 S)-3 or (3 0 R,4 0 S)-4 and (3 0 S,4 0 S)-4 by the backbone atoms of the active site residues, as defined in our previous paper, 21 shows that the 2-amino-4-methylpyridino and the 3-fluorophenyl groups overlap fairly well ( Figure 7) . The low-energy structures of the cis (3 0 S,4 0 S)-isomers of 3 and 4 are typically longer than those of the trans (3 0 R,4 0 S)-isomers if they have the same orientations. One conclusion that can be drawn on the basis of the enzyme assay results, and the crystallographic analysis is that the length of the cis (3 0 S,4 0 S)-isomers of 3 and 4 exceeds the requirement between the substrate-catalytic pocket (the S pocket in Figure 3 ) and the hydrophobic pocket (the C1 pocket in Figure 3 (Table 3) . From this study, it can be concluded that if the inhibitor adopts the "normal" binding mode, the nNOS active site can optimally accommodate the inhibitors with a length that matches those of the trans (3 0 R,4 0 S)-isomers of 3 or 4. Similar to what we have described for the nNOS and eNOS structures bound with the four enantiopure isomers of 3, 26 the binding conformations of the four enantiopure isomers of 4 to the eNOS active site (Supporting Information Figure S1 ) are generally the same as what we have just discussed for nNOS. The rigidity of the pyrrolidine ring brings its ring nitrogen to the vicinity of Glu592 (Glu363 in eNOS) and Asp597 (Asn368 in eNOS) when the configuration is (3 0 S,4 0 S) or (3 0 R,4 0 S), regardless of whether inhibitors are bound to nNOS or to eNOS. The electrostatic b n/e and n/i are the selectivity ratio of K i (eNOS or iNOS) to . 27 The heme (orange), H 4 B (purple), and structural water molecules (green) involved in the binding of 23 to nNOS are shown. The active site residues and ligands are represented in an atom-type style (carbons in gray, nitrogens in blue, oxygens in red, and sulfur in yellow). The distances of some important H-bonds between the residues, structural water molecules, cofactors, and inhibitors are given in Å .
stabilization of this positively charged ring nitrogen is less optimal in eNOS than in nNOS because of the single amino acid difference (Asn368 in eNOS vs Asp597 in nNOS). This is the structural basis for isoform selectivity of these inhibitors. The (3 0 S,4 0 R) isomer of 4 behaves slightly differently when its complex structures of nNOS and eNOS are compared. While the pyrrolidine ring adopts an opposite orientation in the (3 0 S,4 0 R)-4 nNOS structure, the electron density in the (3 0 S,4 0 R)-4 eNOS structure supports an orientation that makes H-bonds to both heme propionates. Finally, the b n/e and n/i are the selectivity ratio of K i (eNOS or iNOS) to K i (nNOS).
c The data were reported in the previous paper. (3 0 R,4 0 R) isomer of 4 binds to eNOS also in a "flipped" mode (Supporting Information Figure S1 ), exactly as observed in nNOS. Three residues, Met336, Asp597, and Tyr706, were found partially responsible for the selectivity for nNOS over eNOS, the same as discussed previously for (3 0 R,4 0 R)-3.
26
However, further studies are required to better understand 2600-fold nNOS selectivity of this compound over eNOS.
Conclusions
In this study, we reported the design, synthesis, and structure-activity relationships of the racemic trans-substituted amino pyrrolidinomethyl 2-aminopyridine derivatives 8-34, which led to the discovery of a new series of inhibitors with high nNOS inhibitory potency and high nNOS selectivities over the other two NOS isozymes. The active site requirements for the trans-2-aminopyridine nNOS inhibitors were explored through rational inhibitor design and structureactivity relationship analyses. Low nanomolar trans amine nNOS inhibitors [(()-32 and (()-34] were discovered, having K i values for nNOS of 88 and 48 nM, respectively. The nNOS selectivities of these two inhibitors over eNOS are more than 1000-fold. Four enantiomerically pure isomers of 4 also were synthesized, and structures of complexes with nNOS and eNOS were determined in this study. It was found that, similar to (3 0 R,4 0 R)-3, (3 0 R,4 0 R)-4 can also induce enzyme elasticity to generate a "hot spot" that accommodates the 2-amino-4-methylpyridine moiety. The binding mode of this isomer adopts a 180°"flipped" orientation compared with the expected "normal" binding mode. This compound and (3 0 R,4 0 R)-3 represent the two most potent and selective nNOS inhibitors reported so far. The influence of the pyrrolidine configuration to enzyme-inhibitor interactions is also observed when the structures of nNOS in complex with the cis (3 0 S,4 0 S)-and trans (3 0 R,4 0 S)-isomers of 3 or 4 are compared. The critical structural determinants by which inhibitors can be simultaneously accommodated by the substrate-catalytic site and the surface hydrophobic pocket of nNOS have been revealed. Our previous 26 and current studies implicate a new avenue for the rational design of enzyme inhibitors, that is, to look for a potential hot spot in the target protein that is occluded by the present active site residues, for instance, the side chains of the residues. This finding is particularly useful for those inhibitor design studies where the active sites are shallow and/or of highly charged nature, and a new hot spot for inhibitor potency is needed. The 2-amino-4-methylpyridine moiety is one of the most important pharmacophores for this series of inhibitors, as is evident by the fact that (()-3 (K i = 14 nM for nNOS) is much more potent than the corresponding (()-2-amino-6-methyl derivative (K i = 326 nM for nNOS). 23 The pocket of nNOS that accommodates this "new hot" is only generated when the enzyme undergoes an induced fit upon inhibitor binding.
Experimental Section
Computer Modeling. Protein Structures. The crystallographic coordinates for NOS from the Research Collaboratory for Structural Bioinformatics (RCSB) protein database are as follows: rat nNOS1: 1P6I (1.90 Å resolution, R cryst = 0.228), 3B3N (1.98 Å resolution, R cryst = 0.230). The amino acid sequences of NOS were retrieved from the PIR protein sequence database. All of the computational work was performed on Silicon Graphics Octane 2 workstations with an IRIX 6.5 operating system. The molecular modeling was achieved with commercially available InsightII 2000 32 and SYBYL 6.8 33 software packages. The NOS model was prepared by first adding H-atoms using the Accelrys/InsightII 2000 software, and the protonation states of the residues were set to pH 7.0. The cvff force field of the Discover 98.0 program within Insight II was used to optimize the orientation of hydrogen atoms of the protein and of structural waters. The ligands and solvent molecules of the protein structures were removed, but the heme and H 4 B were retained near the active site.
GRID Calculations. The calculations were performed with version 22 of the GRID software. 34 Hydrogens were added with the program GRIN. The GRID box dimensions were chosen to encompass all of the active site residues. This resulted in a box size of 31 Â 28 Â 31 Å 3 . The grid spacings were set to 1 Å (directive NPLA=1) and 0.5 Å (directive NPLA=2), respectively. The amino acids in the active site were considered rigid (directive move=0). The directives NETA and ALMD were set to 120 and 1, respectively, to include the atoms of heme and H 4 B in calculations and to interpret which atom(s) in the active site contribute(s) to the interaction with a specific probe atom. The following single atom probes were used in the calculation: DRY, C3, C1=, NM3, N1þ, N2þ, Cl, and F.
Chemical Synthesis. General Methods, Reagents, and Materials. All reagents were purchased from Aldrich, Acros Organics, or Fisher Scientific and were used without further purification unless stated otherwise. NADPH, calmodulin, and human ferrous hemoglobin were obtained from Sigma Chemical Co. Tetrahydrobiopterin (H 4 B) was purchased from Alexis Biochemicals.
1 H NMR and 13 C NMR spectra were recorded on a Varian Mercury 400 MHz or a Varian Inova 500 MHz spectrometer (100.6 or 125.7 MHz for 13 electrode was used for pH measurements. Mass spectra were performed on a Micromass Quattro II triple quadruple HPLC/ MS mass spectrometer with an electrospray ionization (ESI) source or atmospheric pressure chemical ionization (APCI) source. High-resolution mass spectra were carried out using a VG70-250SE mass spectrometer. Chemical ionization (CI) or electron impact (EI) was used as the ion source. Elemental analyses were performed by Atlantic Microlab Inc., Norcross, GA. Thin-layer chromatography was carried out on E. Merck precoated Silica Gel 60 F254 plates with visualization accomplished with phosphomolybdic acid or ninhydrin spray reagent or with a UV-visible lamp. Column chromatography was performed with E. Merck Silica Gel 60 (230-400 mesh) or Sorbent Technologies 250 mesh silica gel. Tetrahydrofuran (THF) and ethyl ether were redistilled under nitrogen using sodium and benzophenone as the indicator. Dichloromethane was redistilled from CaH 2 under nitrogen. Other dry solvents were directly purchased from the companies.
, and (S)-(þ)-1-benzyl-3-aminopyrrolidine and (R)-(-)-1-benzyl-3-aminopyrrolidine were purchased from Aldrich. All compounds were characterized by TLC, 1 H-and 13 C NMR, and MS. All final products were also characterized by HRMS. The TLC, HPLC, NMR, and analytical data confirmed that the purity of all of the products was g95%. The purity of the most potent compounds was further confirmed by elemental analyses.
( (38) . A suspension of 37 (0.766 g, 0.002 mol), which was prepared in the previous study, 22 and 10% Pd/C (0.7 g) in MeOH (30 mL) was stirred at 45°C under one hydrogen atmosphere overnight. The catalyst was removed by filtration and washed with MeOH (30 mL). The filtrate was concentrated by high-vacuum rotary evaporation to give the desired product in a quantitative yield (1.482 g). 
. A mixture of 38 (0.741 g, 0.001 mol), N-Boc-2-bromoethylamine (0.268 g, 0.0012 mol), and anhydrous K 2 CO 3 (0.552 g, 0.004 mol) in 10 mL anhydrous DMF was stirred at room temperature overnight. Solids were removed by filtration. The filtrate was evaporated under reduced pressure. The residue was partitioned between EtOAc and water. The organic layer was washed with brine, dried over anhydrous Na 2 SO 4 , and evaporated in vacuo. The obtained residue was purified by column chromatography (silica gel, CH 2 Cl 2 :MeOH = 9:1) to afford a colorless oil (0.248 g, 57%). 
was added dropwise at a rate to keep the reaction temperature below -60°C. Upon complete addition, the mixture was allowed to stir at -78°C for 2 h. Anhydrous triethylamine (0.607 g, 0.836 mL, 0.006 mol) was added dropwise to the mixture, then the reaction mixture was allowed to warm to room temperature. The resulting solution was partitioned between 1 M NaOH (40 mL) and CH 2 Cl 2 , and the product was extracted with CH 2 Cl 2 (30 mL Â 2). All organic layers were combined, washed with brine, dried over Na 2 SO 4 , and concentrated in vacuo to yield the crude product, which was purified using silica gel column chromatography (CH 2 Cl 2 :EtOAc = 3:2) to afford a pale-yellow oil (0.738 g, 85% ( 
reduced pressure and the residue was partitioned between water (10 mL) and ethyl acetate (10 mL). The aqueous layer was washed with ethyl acetate (5 mL Â 2). After evaporation of water by high-vacuum rotary evaporation, the residue was dried with a lyophilizer to afford a hygroscopic white solid (0.100 g, quantitative yield). 0 -yl}methyl}-4-{{2 0 -[(tert-butoxycarbonyl)amino]-ethyl}amino}pyrrolidine-1-carboxylate (50a). The procedure to prepare 50a is the same as that to prepare 42a except 49 (0.203 g, 0.5 mmol) 23 and N-Boc-1,2-diaminoethane (0.088 g, 0.55 mmol) instead of 40 (0.434 g, 0.001 mol) and 3-phenyl-1-propylamine (0.203 g, 0.0015 mol) were used. The desired product was purified by column chromatography (silica gel, hexanes:EtOAc:Et 3 N = 6:4:0.5, the isomer with lower R f value, R f = 0.1) to afford a paleyellow oil (0.083 g, 55%, diastereomer ratio: cis:trans = 45:55). 
0 -yl}methyl}pyrrolidine-1-carboxylate (50c). The procedure to prepare 50c is the same as that to prepare 42a except 49 (0.203 g, 0.5 mmol) 23 and tert-butyl (2-aminoethyl)(3-chlorobenzyl)carbamate (0.156 g, 0.55 mmol) 23 instead of 40 (0.434 g, 0.001 mol) and 3-phenyl-1-propylamine (0.203 g, 0.0015 mol) were used. The desired product was purified by column chromatography (silica gel, hexanes:EtOAc:Et 3 N=9.5:0.5:0.5, the isomer with lower R f value, R f = 0.1) to afford a pale-yellow oil (0.117 g, 63%, diastereomer ratio: cis:trans=45:55). 592 (m, 1H), 7.249-7.233 (m, 4H), 7.105 (s, 1H), 6.603  (s, 1H), 4.413 (s, 2H), 3.690-3.656 (m, 0.5H) 
H NMR (CDCl
0 -yl}methyl}pyrrolidine-1-carboxylate (50l). The procedure to prepare 50l is the same as that to prepare 42a except 49 (0.203 g, 0.5 mmol) 23 and tert-butyl (2-aminoethyl)(phenethyl)carbamate (0.145 g, 0.55 mmol) 23 instead of 40 (0.434 g, 0.001 mol) and 3-phenyl-1-propylamine (0.203 g, 0.0015 mol) were used. The desired product was purified by column chromatography (silica gel, hexanes:EtOAc:Et 3 N = 9:1:0.5, the isomer with lower R f value, R f = 0.1) to afford a pale-yellow oil (0.101 g, 56%, diastereomer ratio: cis:trans = 45:55). 
0 -methylpyridin-2 0 -yl}methyl}pyrrolidine-1-carboxylate (50n). The procedure to prepare 50n is the same as that to prepare 42a except 49 (0.203 g, 0.5 mmol) 23 and tert-butyl (2-aminoethyl)(3-fluorophenethyl)carbamate (0.l55 g, 0.55 mmol) 23 instead of 40 (0.434 g, 0.001 mol) and 3-phenyl-1-propylamine (0.203 g, 0.0015 mol) were used. The desired product was purified by column chromatography (silica gel, hexanes:EtOAc:Et 3 N = 9.5:0.5:0.5, the isomer with lower R f value, R f = 0.1) to afford a pale-yellow oil (0.120 g, 65%, diastereomer ratio: cis:trans = 45:55 (
-{(()-trans-4-[(6-
0 -methylpyridin-2 0 -yl}methyl}pyrrolidine-1-carboxylate (52). To an ice-cooled solution of triphenylphospine (Ph 3 P, 0.341 g, 0.0013 mol) in dry THF (5 mL) was added 51 (0.497 g, 0.001 mol), which was prepared in a previous study, 23 in dry THF (15 mL) through a cannula under N 2 atmosphere. Diisopropyl azodicarboxylate (DIAD, 0.263 g, 0.259 mL, 0.0013 mol) was then added dropwise, and the solution was stirred 20 min at 0°C. Acetic acid (HOAc, 0.078 g, 0.074 mL, 0.0013 mol) was added at 0°C, and the solution was stirred at room temperature for 48 h. The solution was concentrated, and the residue was purified directly by column chromatography (silica gel, hexanes:EtOAc = 8:2) to yield colorless oil (0.469 g, 87% 
0 -methylpyridin-2 0 -yl}methyl}-4-hydroxypyrrolidine-1-carboxylate (53). To a solution of 52 (1.079 g, 0.002 mol) in CH 3 OH (40 mL) was added at room temperature a solution of Na 2 CO 3 (0.424 g, 0.004 mol) in H 2 O (10 mL). The solution was stirred at room temperature for 14 h. The solvent was evaporated in vacuo. The residue was dissolved in a mixture of EtOAc (10 mL) and H 2 O (10 mL). The aqueous layer was extracted with EtOAc (10 mL Â 3). The combined organic layers were dried over Na 2 SO 4 and concentrated in vacuo. The residue was purified by column chromatography (silica gel, hexanes:EtOAc = 6:4) to afford a colorless oil (0.995 g, quantitative yield). 
0 -methylpyridin-2 0 -yl}methyl}pyrrolidine-1-carboxylate (54). To Ph 3 P (0.328 g, 0.00125 mol) in a dry THF solution (5 mL) was added 53 (0.497 g, 0.001 mol) in dry THF (10 mL) at 0°C under a N 2 atmosphere via cannula. DIAD (0.262 g, 0.260 mL, 0.0013 mol) was added dropwise, and the solution was stirred at 0°C for 20 min. Diphenylphosphoryl azide (DPPA, 0.358 g, 0.281 mL, 0.0013 mol) was added dropwise at 0°C, and the reaction mixture was stirred for 22 h at room temperature. The solvent was concentrated in vacuo. The crude residue was directly purified by column chromatography (silica gel, hexanes:EtOAc = 8.5:1.5) to afford a colorless oil (0.480 g, 92%). , 1H), 2.303-2.290 (m, 3H), 1.459-1.432 (m, 9H), 1.418 (s, 9H) . 13 C NMR (CDCl 3 , 125.7 MHz): δ (156.074 þ 155.989) (1C),  (154.338 þ 154.162) (2C), 153.968 (1C), 148.825 (1C 2 on carbon (300 mg). The reaction mixture was stirred at 60°C under a hydrogen atmosphere for 36 h. The catalyst was filtered through Celite. The Celite pad was washed with EtOH (10 mL Â 2). The combined filtrate was concentrated in vacuo. The residue was purified by column chromatography (silica gel, CH 2 -Cl 2 :CH 3 OH = 9.5:0.5) to afford a pale-green oil (0.28 g, 85%). 
0 -yl}methyl}pyrrolidine-1-carboxylate (50n). To a mixture of 55 (0.203 g, 0.5 mmol), NaBH(OAc) 3 (0.127 g, 0.6 mmol), and 3 Å molecular sieves (0.5 g) in dry 1,2-dichloroethane (10 mL) was added tert-butyl 3-fluorophenethyl(2-oxoethyl)carbamate (0.141 g, 0.5 mmol) 23 in dry 1,2-dichloroethane (5 mL) via cannula under a N 2 atmosphere. The reaction mixture was stirred at room temperature under a N 2 atmosphere for 16 h and then was filtered through Celite, and the Celite pad was washed with CH 2 Cl 2 (5 mL Â 2). To the filtrate was then added 1 M aqueous NaOH (10 mL). The organic layer was separated, and the aqueous layer was extracted with CH 2 Cl 2 (10 mL Â 2). The combined organic layers were washed with brine (10 mL) and dried over MgSO 4 . The solvent was evaporated, and the residue was purified by column chromatography (silica gel, hexanes:EtOAc:Et 3 N = 8:2:0.25) to afford a colorless oil (50n, 0.306 g, 91%). 50c and 50l were prepared by the same procedure.
(
.1]heptane-1 0 -carbonyloxy}pyrrolidine-1-carboxylate (57b). To Ph 3 P (0.328 g, 0.00125 mol) in a dry THF (5 mL) solution was added 51 (0.497 g, 0.001 mol) in dry THF (10 mL) at 0°C under a N 2 atmosphere via cannula. DIAD (0.262 g, 0.260 mL, 0.0013 mol) was added dropwise, and the solution was stirred at 0°C for 20 min. (1S)-(-)-camphanic acid (0.258 g, 0.0013 mol) was added dropwise at 0°C, and the reaction mixture was stirred for 14 h at room temperature. The solvent was concentrated in vacuo. The crude residue was purified by column chromatography (silica gel, hexanes:EtOAc = 8:2) to afford a white solid (0.644 g, 95%) . 
The procedure to prepare (3 0 S,4 0 S)-58 or (3 0 R,4 0 R)-58 is the same as that to prepare 53 except 57a (1.355 g, 0.002 mol) or 57b (1.355 g, 0.002 mol) were used instead of 52 (1.079 g, 0.002 mol). The desired products were purified by column chromatography (silica gel, hexanes: EtOAc = 6:4). 176 (m, 2H), 4.980 (m, 1H), 3.715-3.663 (m, 1H),  3.493-3.413 (m, 1H), 3.557-3.332 (m, 2H), 2.765-2.589 (m,  3H), 2.288 (s, 3H), 1.952-1.946 (m, 3H), 1.449 (s, 9H), 1.441-1.406 (m, 9H) . 13 . The NMR and MS are the same as those of (3 0 R,4 0 S)-isomer. 
(3 0 R,4 0 S)-58: colorless oil (0.5 g, quantitative yield). The NMR and MS are also the same as those of (3 0 S,4 0 R)-isomer.
To an ice-cooled solution of NaH (0.048 g, 0.0012 mol, 60% dispersion in mineral oil) in anhydrous DMF (1 mL) was added dropwise (3 0 R,4 0 R)-58 (0.497 g, 0.001 mol) in anhydrous DMF (5 mL) under a N 2 atmosphere. The suspension was then stirred vigorously for 30 min at room temperature. The color of the reaction mixture changed from colorless to pale-red. Allyl bromide (0.157 g, 0.113 mL, 0.0013 mol) was added dropwise at 0°C, and the reaction mixture was stirred at room temperature for 3 h. The excess NaH was quenched with H 2 O (5 mL), and the solvent was evaporated in vacuo. The residue was further diluted with water (10 mL) and EtOAc (10 mL). The organic layer was separated, and the aqueous layer was extracted with EtOAc (10 mL Â 3). The combined organic layers were washed with brine (10 mL Â 2) and dried over Na 2 SO 4 . The solvent was evaporated, and the residue was purified by column chromatography (silica gel, hexanes:EtOAc = 8:2) to afford a colorless oil (0.505 g, 94% 
0 R)-60 was synthesized as a colorless oil (0.510 g, 95%) by the same procedure as that to prepare the (3 0 R,4 0 R)-isomer. The NMR and MS are the same as those for (3 0 R,
0 R)-60 (0.537 g, 0.001 mol) was dissolved in CH 2 Cl 2 (30 mL) and cooled to -78°C. Ozone was bubbled through the solution until a lightblue color appeared. N 2 was bubbled through the solution until the blue color disappeared (about 30 min). Zinc (0.098 g, 0.0015 mol) was added, followed by 5 mL of 50% aqueous acetic acid solution. The suspension was allowed to warm slowly to 0°C, stirred for 30 min, and then allowed to stir at room temperature for 30 min. The reaction mixture was diluted with CH 2 Cl 2 (10 mL) and H 2 O (20 mL). The organic layer was separated, and the aqueous layer was extracted with CH 2 Cl 2 (10 mL Â 2). The combined organic layers were washed with H 2 O (10 mL), saturated aqueous NaHCO 3 solution (10 mL Â 2), and brine (10 mL) and then dried over MgSO 4 . The solvent was concentrated in vacuo, and the residue was purified by column chromatography (silica gel, hexanes:EtOAc = 5:5) to afford a paleyellow oil (0.345 g, 64%).
Method B. (3 0 R,4 0 R)-60 (0.537 g, 0.001 mol) was dissolved in CH 2 Cl 2 (30 mL) and cooled to -78°C. Ozone was bubbled through the solution until a light-blue color appeared. N 2 was bubbled through the solution until the blue color disappeared (about 30 min). Ph 3 P (0.315 g, 0.0012 mol) was added to the reaction mixture. The reaction mixture was allowed to warm slowly to 0°C, stirred for 15 min, and then allowed to stir at room temperature for 30 min. The solvent was concentrated in vacuo, and the residue was purified by column chromatography (silica gel, hexanes:EtOAc = 5:5) to afford a pale-yellow oil (0.388 g, 72% (3 0 S,4 0 R)-61 was synthesized as a pale-yellow oil (0.469 g, 87%) by the same procedure used to prepare (3 0 R,4 0 R)-61 (method A). The NMR spectrum is the same as that for
A mixture of (3 0 R,4 0 R)-61 (0.539 g, 0.001 mol), 3-fluorophenethylamine (0.153 g, 0.144 mL, 0.0011 mol), NaBH(OAc) 3 (0.297 g, 0.0014 mol), and 3 Å molecular sieves (1 g) in dry 1,2-dichloroethane (20 mL) was stirred at room temperature under a N 2 atmosphere for 14 h. The reaction mixture was then filtered through Celite. The Celite pad was washed with CH 2 Cl 2 (5 mL Â 2). To the combined organic layers was added 1 M NaOH (20 mL). The organic layer was separated, and the aqueous layer was extracted with CH 2 Cl 2 (10 mL Â 2). The combined organic layers were washed with brine (10 mL) and dried over MgSO 4 . The solvent was concentrated in vacuo, and the residue was purified by column chromatography (silica gel, hexanes:EtOAc:Et 3 N = 6:4:0.5) to afford a pale-yellow oil (0.623 g, 94% (1C), (81.365 þ 81.304) (1C), (79.646 þ 79.306) (1C), (79.270 þ  78.845) (1C), (68.687 þ 68.536) (1C), 50.892 (1C), 50.746 (1C),  50.060 (1C), 49.374 (1C), (49.301 þ 48.967) (1C), (42.877 þ 42.270 
A solution of di-tert-butyl dicarbonate (0.219 g, 0.001 mol) in CH 2 Cl 2 (5 mL) was added dropwise to a solution of (3 0 R,4 0 R)-62 (0.662 g, 0.001 mol) in CH 2 Cl 2 (5 mL) and 1 M NaOH (3 mL). The reaction mixture was then stirred at room temperature for 24 h. The organic layer was separated, and the aqueous layer was extracted with CH 2 Cl 2 (10 mL Â 2). The combined organic layers were washed with water (10 mL Â 2) and dried over Na 2 SO 4 . The solvent was evaporated in vacuo, and the residue was purified by column chromatography (silica gel, hexanes:EtOAc = 7.5:2.5) to afford a colorless oil (0.572 g, 75% 2 on carbon (150 mg). The reaction mixture was stirred at 60°C under a hydrogen atmosphere for 36 h. The catalyst was filtered through Celite. The Celite pad was washed with EtOH (10 mL Â 2), and the combined filtrates were concentrated in vacuo. The residue was diluted with CH 2 Cl 2 (10 mL) and 1 M NaOH (10 mL), and the organic layer was separated. The aqueous layer was extracted with CH 2 Cl 2 (10 mL Â 2), and the combined organic layers were concentrated in vacuo. The residue was purified by column chromatography (silica gel, hexanes: EtOAc=7:3) to afford a colorless oil (0.269 g, 80%). (119.397 þ 119.324) (1C), (115.960 þ 115.802) (1C),  (113.392 þ 113.228) (1C), 110.453 (1C), (82.439 þ 81.699)  (1C), 80.982 (1C), 79.798 (1C), 79.507 (1C), 68.153 (1C dioxane (4 mL) was then added slowly with stirring. The icewater bath was removed after 3 h, and the reaction mixture was stirred at room temperature under an argon atmosphere for 34 h. The reaction mixture was concentrated in vacuo, and the residue was partitioned between water (10 mL) and ethyl acetate (10 mL). The aqueous layer was then washed with ethyl acetate (5 mLÂ 2). After evaporation of the water by high vacuum rotary evaporation, the residue was dried with a lyophilizer to afford a white solid (0.048 g, quantitative yield). Enzyme and Assay. All of the NOS isozymes used were recombinant enzymes overexpressed in E. coli. The murine macrophage iNOS was expressed and isolated according to the procedure of Hevel et al. 35 The rat nNOS was expressed 36 and purified as described. 37 The bovine eNOS was isolated as reported. 38 Nitric oxide formation from NOS was monitored by the hemoglobin capture assay at 30°C as described. 39 A typical assay mixture for nNOS and eNOS contained 10 μM L-arginine, 1.0 mM CaCl 2 , 600 unit/mL calmodulin (Sigma, P-2277), 100 μM NADPH, 0.125 mg/mL hemoglobin-A 0 (ferrous form, Sigma, H0267), and 10 μM H 4 B in 100 mM HEPES (pH 7.5). A typical assay mixture for iNOS contained 10 μM L-arginine, 100 μM NADPH, 0.125 mg/mL hemoglobin-A 0 (ferrous form), and 10 μM H 4 B in 100 mM HEPES (pH 7.5). All assays were in a final volume of 600 μL and were initiated by addition of enzyme. NOS assays were monitored at 401 nm on a Perkin-Elmer Lambda 10 UV-visible spectrophotometer.
Determination of K i Values. The apparent K i values were obtained by measuring the percent enzyme inhibition in the presence of 10 μM L-arginine with at least five concentrations of inhibitor. The parameters of the following inhibition equation
